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In the developing chick limb bud, retinoic acid (RA) has a striking effect on anteroposterior axis formation, resulting in a
duplicated pattern of digits. There is no evidence, however, that RA affects proximodistal axis formation in the developing
chick limb bud, although RA induces proximodistal duplication in regenerating amphibian limbs. We describe a series of
investigations on the effect of RA on the proximodistal axis in the chick limb bud. A RA-containing bead applied to the anterior
margin of the chick limb bud at stage 20 induces the anteroposterior duplication of autopodial structures at the wrist level.
We found that the RA-treated tissue has the ability to form more proximal structures. When a tissue graft from the RA-treated
anterior region was implanted into a stage 17 wing bud (in which the stylopod is developing in the progress zone), the graft
produced a humerus, radius±ulna, and digits. When the graft was implanted into a stage 19 wing bud (in which the zeugopod
is developing in the progress zone), a zeugopod and digits were formed. These results were associated with changes in the
expression of Hox-A genes in the RA-treated grafts, whose domains were reorganized to be similar to those in host tissues 24
h after grafting. When a small graft of RA-treated tissue was implanted into the apex of a stage 19 wing bud, the cells were
found in the zeugopod and autopod, whereas cells of control fragments were found only in the autopod region. In vitro, distal
cells from different stage limb buds are known to segregate from each other. However, RA-treated stage 24 distal cells did not
sort out from stage 20 distal cells and mixed homogeneously. These results suggest that RA induces distal cells to adopt
``younger'' properties which render them susceptible to forming more proximal patterns under the direction of host signals.
The effects of RA on proximodistal patterns in developing chick limb buds appear to differ from its effects on proximodistal
patterns in regenerating urodele limbs because RA can induce the proximodistal duplication in situ in the regenerating limbs.
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INTRODUCTION their corresponding levels on the PD axis of the host regen-
erates, and they regenerated hand structures at the ankle
level of the host regenerates. However, RA-treated blaste-In the regenerating limbs of amphibians, retinoic acid
mas derived from the wrist level failed to displace and regen-(RA) has been shown to modify regenerate pattern along the
erated complete PD structures at the midthigh level of host.proximodistal (PD) axis, resulting in a PD duplication of
These results suggest that RA proximalizes the positionallimb structures such that a complete limb from the girdle
identity of blastema cells in regenerating limbs. In addition,to the autopodium is regenerated following amputation at a
RA is known to posteriorize positional identity along thewrist level (Niazi and Saxena, 1978; Maden, 1982). Crawford
anteroposterior (AP) axis (Kim and Stocum, 1986) and toand Stocum (1988) have studied further the effect of RA
ventralize it along the dorsoventral axis in the regeneratingon PD axial pattern in regenerating axolotl limbs. When
double anterior and double dorsal amphibian limbs (Lu-forelimb blastemas derived from the wrist level were grafted
dolph et al., 1990), in each case causing the regeneration ofto the dorsal surface of the blastema±stump junction at the
two mirror-image limbs, probably by a mechanism analo-midthigh level, the grafts were consistently displaced to
gous to supernumerary formation after blastema axial rever-
sal (Stocum, 1996).
In the developing chick limb bud, RA also induces a mir-1 To whom correspondence should be addressed. Fax: 022(263)9206.
E-mail: TAM@mail.cc.tohoku.ac.jp. ror-imaged symmetrical pattern of digits in the AP axis
224
0012-1606/97 $25.00
Copyright q 1997 by Academic Press
All rights of reproduction in any form reserved.
AID DB 8627 / 6x28$$$361 07-23-97 22:23:55 dbal
225Retinoic Acid and the P±D Axis of Limb Bud
when implanted into anterior tissue (Tickle et al., 1982,
1985; Summerbell, 1983). In this process, RA is considered
to convert the surrounding anterior tissue to zone of polariz-
ing activity (ZPA) tissue, which is on the posterior side of
chick limb bud in normal development (Wanek et al., 1991;
Noji et al., 1991; Tamura et al., 1993). Thus, we can say
that the effect of RA on AP axis formation in the developing
chick limb bud is posteriorization, as in the case of regener-
ating limbs. With the exception of the report by Tickle and
Crawley (1988) that RA induces phocomelia when applied
to proximal cells, we have little information that RA affects
PD axial patterning in the developing chick limb bud. In
the present study, we investigated the effect of RA on the
PD pattern-forming abilities of distal cells in the chick limb
bud. The results suggest that RA renders distal cells of the
limb bud susceptible to PD repatterning when grafted to a
younger host which is in the process of forming proximal
limb structure.
MATERIALS AND METHODS
Procedures of Operations
Figure 1 diagrams the procedures for examining the effect of RA
on PD axis formation.
Grafts to test the effects of RA on the pattern-forming abilities
of distal cells (Fig. 1A). AG1-X2 ion-exchange beads presoaked in
1 mg/ml RA (Sigma, Lot No. 40H0313; diluted in dimethyl sulfox-
ide (DMSO)) were implanted into stage 20 (Hamburger and Hamil-
ton, 1951) chick wing buds after Eichele et al. (1984). Twenty-four
hours (approximately stages 24±25) after the implantation of the
RA-beads, a large piece of tissue (about 300 1 300 1 500 mm in
Figs. 1A-1 and 1A-2) distal to the bead was cut out in vitro using
tungsten needles. Grafting was done from chick to chick except
for a chick±quail chimera assay. The large piece was implanted
into the anterior region of a host stage 17 or 19 limb bud (Figs. 1A-
3 and 1A-4). The large pieces were ®xed with tungsten pins (20 mm
in diameter). For the analysis of skeletal pattern, the embryos were FIG. 1. Diagram illustrating the procedures of three types of experi-
®xed in Tyrode's solution containing 10% formalin, stained in ments using RA-treated fragments. The AG1-X2 beads presoaked in
0.1% alcian blue, dehydrated in graded alcohols, and cleared in 1 mg/ml RA were implanted into the anterior (A-1, B-1), posterior
methyl salicylate. (A-2), or distal (C-1) margin of stage 20 limb buds and the embryos
In vivo assay for RA-induced changes in cell af®nity (Fig. 1B). were incubated for 24 hr to stage 24. In the type A experiment, a
A chick small piece (200 1 200 1 200 mm in Fig. 1B-1) was im- large distal region (shaded, ZPA432) next to the bead was dissected
planted into the apex of a quail host stage 18 limb bud. The small and implanted into the space created by removing tissue at stage 17
pieces were grafted into slits under the AER without removing the (A-3) or stage 19 (A-4) wing buds. In the type B experiment, a smaller,
host tissue (Fig. 1B-2). Host embryos were allowed to develop fur- proximal piece of this region (ZPA) was inserted into the apex of a
ther for 4±6 days, and the grafted tissues were detected by the wing bud beneath the AER at stage 18 (B-2). In the type C experi-
analysis of chimeras. ment, dissociated RA-treated distal cells (C-1) were mixed with stage
In vitro assay for RA-induced changes in cell af®nity with an 24 distal cells (C-2) or stage 20 distal cells (C-3).
RA-impregnated bead (Fig. 1C). The progress zone (PZ) at stage
24 treated with an RA-impregnated bead for 24 hr (Fig. 1C-1) and
nontreated PZ of stage 24 (Fig. 1C-2) and stage 20 (Fig. 1C-3) were
used for mixed culture by the method described previously (Ide et Chimera Analysis
al., 1994). Progress zone tissues of chick and quail wing buds were
dissected out and mesodermal cells were isolated and dissociated. Chick and quail embryos were used for the analysis of chimeras
to determine the distribution of graft tissue in host limbs and out-Dissociated cells were suspended in F12 medium with 1% fetal calf
serum and mixed at equal volume. They were plated on a small area growth. Tissue fragments from the RA-treated chick wing buds
were implanted to quail wing buds as described above. After 4 days,(6 mm in diameter). After 16 hr, the cultured cells were ®xed and
stained with A223 antibody as described previously (Ide et al., 1994). the embryos were ®xed in periodate±lysine±paraformaldehyde
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®xative (McLean and Nakane, 1974) containing 2% paraformalde- supernumerary structures with a complete PD skeletal pat-
hyde at 47C for 2 hr, washed in phosphate-buffered saline (PBS) at tern (Fig. 2B). The limb in Fig. 2B had a girdle, humerus,
47C for 1 hr, and immersed in 10% and 20% sucrose±PBS for 2 hr radius and ulna, and digits 2 and 3. These ectopic structures,
and overnight, respectively. Excised limbs were embedded in which are thought to be derived from the graft tissue (see
O.C.T. compound (Miles), frozen in liquid nitrogen, and sectioned below and Fig. 4 in detail), were produced regardless of the
at 10 mm using a cryostat.
position of graft along the anterior side (Fig. 3A), center (Fig.The A223 monoclonal antibody, a chick-speci®c antibody, was
3B), or posterior side (Fig. 3C) of the host limb buds. RAused for examining the distribution of grafted chick tissues. The
applied to the posterior side of the wing bud at stage 20 didantibody binds to all mesodermal and ectodermal cells of the chick
not induce extra limb structures (13 cases, see Table 1).limb bud, but never reacts with cells of quail origin (Yokouchi et
al., 1991a; Ide et al., 1994). The A223 antibody was diluted in PBS However, when RA-treated fragments derived from the pos-
containing 3% bovine serum albumin (BSA) at a concentration of terior region were implanted into stage 17 wing buds, com-
20 mg/ml and reacted with cryosections for 30 min at room temper- plete sets of extra PD components were formed in two cases
ature. The sections were then washed with PBS and stained with (Fig. 3D). Control posterior fragments (DMSO treated)
the FITC-labeled F(ab*)2 fragment of sheep anti-mouse IgG (Tago, formed only digits in all cases (Fig. 3E). Note that all RA-
diluted 1:100 with PBS containing 3% BSA) for 1 hr at room temper- treated specimens in Fig. 3 have humerus, the most proxi-
ature. Specimens were examined with an Olympus microscope
mal structure. The AP polarities of digits in these experi-equipped with ¯uorescent illumination.
ments (Figs. 2 and 3) depend on the AP direction of graft
tissues (Figs. 1A-1 and 1A-2). This AP direction of graft
tissues had nothing to do with the formation of structuresIn Situ Hybridization
along the PD axis.
Antisense and sense RNA probes were transcribed in vitro using Stage 19 is the time when the structure of the elbow
digoxigenin-labeled UTP and T3 or T7 RNA polymerase (DIG RNA
level is developing. When the RA-treated fragments wereLabeling Kit SP6/T7; Boehringer). The probes were treated with
implanted into stage 19 wing buds, they formed extra zeugo-alkali to reduce them to an average size of 150 nucleotides. Nonra-
podial and autopodial structures, which developed indepen-dioactive in situ hybridization was carried out after Yokouchi et
dently of the corresponding host structures (Fig. 2C).al. (1991-b).
DMSO-treated control grafts formed no cartilage, except forDissected limb buds were ®xed in PBS containing 4% paraform-
aldehyde, immersed in 30% sucrose±PBS, embedded in O.C.T. a few cases with an unidenti®ed cartilage.
compound, and frozen in liquid nitrogen. Sections were treated Chimera analysis (Fig. 4) showed that all of the ectopic
with the sequence of pre-hybridization reagents, and then hybrid- structures, from their proximal to distal ends, consisted of
ized with each probe in a hybridization solution containing probe cells derived from the grafts. A typical example in Fig. 4D
at 0.7 mg/ml. Hybridization was conducted in a humid box at 457C consisted of grafted chick tissue in the anterior half of a
overnight. After hybridization, the sections were washed and re-
duplicated wing bud. All of the ®ve chimeric limbs analyzedacted with the anti-digoxigenin antibody. Finally, the sections were
showed a similar distribution of graft tissue. We have alsocolored with NBT and BCIP in a dark box overnight.
con®rmed that the chimeric wing buds formed skeletal pat-
terns similar to that found after chick to chick grafting (data
not shown).RESULTS
We analyzed our data by constructing an index, which
shows the level of proximal structures formed by the graftsRepatterning of RA-Treated Distal Cells after
in each experiment, as follows.Grafting to a Younger Host
All limbs were assigned scores (Pi) for every duplicated
structure.The number of operated limbs in the experiment de-
scribed in Fig. 1A is shown in Table 1.
Wing buds to which the RA-containing beads were ap- Pi  0: only digits (autopod) or no structures
plied anteriorly at stage 20, formed additional skeletal pat-
Pi  1: lower half of zeugopod / autopodterns in all cases. Twenty-one cases of 24 limbs formed
supernumerary autopodial structures. In the remaining 3
Pi  2: complete zeugopod / autopod
limbs, the duplications were induced from the middle of the
radius. When fragments of the RA-treated anterior region of Pi  3: lower half of stylopod / zeugopod / autopod
stage 24 limb bud (Fig. 1A-1) were implanted to the anterior
Pi  4: complete stylopod / zeugopod / autopodregion of host wing buds of the same stage, they formed
only extra autopodial structures (not shown, see Table 1).
Stage 17 is thought to be the time when the structure The sum of these scores divided by the highest possible
score, 4, gives this index. In this calculation, the patternof the upper arm level is developing in the progress zone
(Summerbell and Lewis, 1975). Control grafts (DMSO- along the AP axis was not considered. An index of 100%
indicates that the graft starts to form the structure fromtreated) fragments into stage 17 wing buds formed no skele-
tal structures except for a few cases which formed unidenti- the shoulder in every case; 50% shows that the duplicated
structures begin from the elbow, etc. The indices are di-®ed cartilages (Fig. 2A). However, when the RA-treated frag-
ments were grafted into stage 17 wing buds, they formed rectly correlated with the stage of the host limb bud. The
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TABLE 1
Skeletal Patterns Derived from RA-Treated Large Fragments which Were Implanted in Limb Buds or Several Stages
Fragment
Anterior Posterior
RA treatment: None 1 mg/ml of RA None 1 mg/ml of RA
Host stage 17 None 17 19 23 17 None 17
H / R/U / D 3 2
(H) / R/U / D 5 2
R/U / D 4 8 4
(R/U) / D 3 1 4 1
D 21 2 5 8 1
Fragment 2
None 7 13
Total 9 24 15 12 5 8 13 10
Pi (%) 0 3.2 64.3 41.7 0 0 0 57.5
Note. H, complete humerus; (H), distal half of humerus; R/U, radius and/or ulna; (R/U), distal half of radius and/or ulna; D, digits.
maximum respeci®cation occurs in grafts implanted into this type of experiment, grafted tissues formed few ectopic
structures but participated in host cartilage formation. Thestage 17 hosts (Table 1).
cells in almost all (8 of 10) of the DMSO-treated control
tissues were pushed out distally, probably because their af-
Reorganization of Hox-A Gene Expression in Grafts ®nities were different, and located only in the autopod region
(Fig. 6A, Table 2) and partially formed the cartilage of theHox-A homeobox genes are suitable molecular markers for
autopod. A DMSO-treated posterior±distal piece (part of thePD axis formation because they have unique and exclusive
ZPA) induced AP duplication after implantation into the an-expression patterns along the PD axis of the chick limb bud
terior stage 18 wing bud and cells of these grafts were also(Yokouchi et al., 1991c). Hox-A 13 is only expressed in the
distributed only in the duplicated autopod (5 of 8 cases; Tabledistal region at stage 24 of DMSO-treated limb bud (Fig. 5A).
2). The cells of RA-treated tissues, however, were distributedThis expression pattern is altered by the application of RA,
as a long belt from the distal part of zeugopod to the autopodthe expression domain of Hox-A 13 expanding proximally
in 7 of 10 cases (Fig. 6B, Table 2), suggesting that RA con-toward the RA bead (Fig. 5B). RA did not change the expres-
verted the af®nity to match that of more proximal cells,sion patterns of other homeobox genes in Hox-A (data not
and they always contributed to cartilage formation in theshown). The expression patterns of Hox-A transcripts were
humerus, radius and/or ulna, and digits (not shown in detail).examined after grafting RA-treated chick fragments to stage
17 quail host limb buds as described in the legend to Fig.
In Vitro Assay for RA-Induced Changes in Cell1A-3. In a control experiment, Hox-A 13 transcripts were
Af®nityexpressed in all four cases in the normal distal position in
the grafts (Figs. 5C and 5D). All three Hox-A transcripts were When PZ cells of untreated stage 24 chick limb buds (Fig.
expressed in RA-treated grafts with the PD pattern similar 1C-2) were mixed with those of untreated stage 20 quail
to that of host. The expression domain of Hox-A 10 was limb buds (Fig. 1C-3), they segregated from each other and
limited to the most proximal region of the PD axis and that formed patches with various sizes (Fig. 7B). Stage 24 PZ
of Hox-A 11 to the middle of the axis. That of Hox-A 13 was cells did not sort out from the cells of the same stage and
®rst expressed more proximally, and then became con®ned region, and the chick and quail cells mixed homogeneously
to the distal region of the axis (Fig. 5B vs Figs. 5F±5H). (Fig. 7A). On the other hand, stage 24 RA-treated PZ cells
(treated with RA at stage 20 and allowed to develop to stage
24) sorted out from the same stage PZ cells (Fig. 7C), and
In Vivo Assay for RA-Induced Changes in Cell they mixed with stage 20 PZ cells homogeneously (Fig. 7D).
Af®nity
To determine whether the formation of more proximal DISCUSSION
skeletal patterns by RA-treated distal cells were associated
Skeletal Patterns and Expression Patterns of Hox-Awith changes in cell af®nity, the in vivo experiment de-
Genes in RA-Treated Transplantsscribed in Fig. 1B was done, that is, small fragments adjacent
to RA beads or DMSO beads from stage 24 chick wing buds RA applied to control stage 20 limb buds induced distal
structures with carpus, metacarpus, and digits (and occa-were implanted to the apex of stage 19 quail wing buds. After
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sionally the distal half of the zeugopodium) as additional
patterns in all cases (Table 1). Stage 20 is the time when
the radius and ulna are being speci®ed in the progress zone,
according to the map by Summerbell and Lewis (1975). This
disparity between the structures being speci®ed at the time
of RA application and actually duplicated probably arises
because it takes at least 18 hr for RA to induce the ZPA
which actually evokes the duplication (Wanek et al., 1991).
During those 18 hr, stage 20 wing buds develop to stages
23±24, which is exactly the time when the carpus and meta-
carpus are being speci®ed in the progress zone. The distal
RA-treated fragments described in Fig. 1 are originally de-
rived from the region which constructs the distal structures,
because the fragments in Fig. 1A-1 formed only digits when
implanted to wing buds of the same stage (Table 1).
When the RA-treated fragments were grafted into wing
buds of earlier stages, they formed more proximal cartilage
patterns (Figs. 2 and 3). Chimera analysis con®rmed that
the additional structures were formed from the RA-treated
fragments (Fig. 4). When the RA-treated grafts were im-
planted to stage 17 wing buds, shoulder structures and/or
humerus were formed. The proximalization index of the
grafts was 62.5%, showing that, on average, they formed
structures that began from the middle of the humerus. The
index of the fragments grafted into stage 19 wing buds was
41.7%, indicating that, on average, they can form the proxi-
mal part of the radius±ulna. At stage 17, limb buds are
forming the proximal stylopodium, then they develop fur-
ther to form the proximal part of the zeugopodium at stage
19 in the progress zone (Summerbell and Lewis, 1975).
Thus, the RA-treated grafts are forming structures at the
same PD level as the host tissues.
Yokouchi et al. (1991c) have mapped the sequential ex-
pression patterns of Hox-A genes in the PD axis of the devel-
oping chick limb bud. Hox-A 10 is expressed in the pre-
sumptive stylopodial region (most proximal), Hox-A 11 is
expressed in the presumptive zeugopodial region (middle),
and Hox-A 13 is expressed in the presumptive autopodial
region (most distal). These expression domains suggest that
Hox-A genes are involved in the segmentation or compart-
mentation process along the PD axis (Yokouchi et al.,
1991c). Local application of RA at stage 20 caused a change
in the expression pattern of Hox-A 13 (Fig. 5B), suggesting
that the PZ might be broadened toward the RA bead. The
expression domains of the other Hox-A genes were not af-
fected by RA (data not shown).
In control grafts implanted to stage 17 wing buds, Hox-
A 13 transcripts were detected in the original distal region
of the grafts (Fig. 5D). The RA-treated grafts showed an
FIG. 2. Skeletal patterns of 9-day wings formed after a A type exper-
iment as diagrammed in Fig. 1A. White arrows show the starting
point of the ectopic structure derived from the graft. (A) Control
(DMSO treated) fragment grafted to a stage 17 wing bud. An uniden- girdle of host; host cartilages located below the ®gure are lacking
radius and digit 2 because of removal of the anterior tissue. H,ti®ed cartilage element (x) is present, and the anterior elements (ra-
dius and digit 2) of the host wing are missing. (B) RA-treated large humerus; R, radius; U, ulna. (C) RA-treated large fragment grafted
to a stage 19 wing bud. An additional set of structures with afragment grafted to a stage 17 wing bud (see Fig. 1A-3). A complete
set of extra PD structures is present at the anterior side of host wing. complete ulna (U) and digits 4 and 3 was formed starting from the
girdle of host (see Fig. 1A-4).An ectopic girdle (small arrows) is observed in addition to the normal
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FIG. 3. Skeletal patterns formed after grafting RA-treated large fragments to various regions of stage 17 wing buds. (A±C) Skeletal patterns
of 9-day wings resulting from grafting the RA-treated anterior region of limb buds (see Fig. 1A-1). (D and E) The results of grafting the
posterior fragment (see Fig. 1A-2). (A) Grafting to the anterior region of the host limb bud. The supernumerary structure derived from the
RA-treated fragment was induced at a level proximal to the base of the host humerus. (B) Grafting to the central region. An additional
stylopodium (indicated by small arrows), zeugopodium, and autopodium are present within the host wing. (C) Grafting to the posterior
region. Besides the host wing missing the posterior part, there is an extra set of structures that is complete along the PD axis except for
the radius. Large arrow indicates the starting point of the structures derived from the graft. (D) RA-treated posterior fragment grafted to
the anterior side of a stage 17 wing bud. A humerus, ulna, and digits 4 and 3 were formed at the anterior side of the host limb. The digits
of the host limb were duplicated because the implanted posterior fragment contains ZPA cells. (E) Control posterior fragment grafted to
stage 17 wing bud. Only digits 4 and 3 were formed at the level of the host forearm. H, humerus; U, ulna; R, radius.
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FIG. 4. Staining of chick±quail chimera with A223, a chick-speci®c monoclonal antibody. (A, B) Chick control (DMSO treated) grafts
were implanted into the anterior region of stage 17 quail wing buds. (A) Histological section of a specimen. (B) A223-stained section. The
chick graft is located in the anterior region of the host and part of the graft tissue is participating in chondrogenesis. The arrows indicate
the body wall. Similar results were obtained in four of four cases. (C, D) RA-treated chick grafts were implanted to the anterior side of
stage 17 quail wing bud. (C) Bright-®eld view. (D) A223-stained section. Cells of graft origin are observed in the anterior half of the
duplicated wing bud. All of this ectopic structure consists of donor cells. The body wall is indicated by arrows. Five of ®ve cases showed
similar results. a, anterior; p, posterior.
expression pattern of Hox-A 13 different from that in the ever, is only expressed if the cells are grafted into a more
proximal environment of a younger hosts, suggesting thatcontrol grafts. RA-treated tissue ®rst shows more proximal
expression of Hox-A 13, but after grafting, the expression such an environment contains cues that lead to repatterning
of the graft cells, including the establishment of more proxi-domain becomes limited to the distal region of the graft (Fig.
5B vs Fig. 5H). The other Hox-A genes were also expressed in mal patterns of Hox-A expression. What these molecular
signals might be is at present unknown, but they are ofthe grafts, and their expression domains coincided approxi-
mately with those of the host (Figs. 5F and 5G). We have great interest with regard to how the PD axis of the limb
bud is speci®ed during normal development.no information as to how the proximal cells of the graft
switch off the Hox-A 13 expression or how rapidly this
RA-Induced Changes in Cell Af®nitychange in Hox-A gene expression occurs. These results sug-
gest that RA alters the properties of distal cells to make The cells in the PZ at each stage are considered to be
assigned progressively more distal positional values duringthem susceptible to proximalization. Proximalization, how-
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FIG. 5. (A, B) Effect of RA on the expression of Hox-A 13 in developing chick limb bud. (A) Horizontal section of a wing bud 24 hr after
DMSO treatment. The Hox-A 13 expression domain is found in the distal region, and the proximal boundary of expression is indicated
by the arrow. (B) Horizontal section of a forelimb bud 24 hr after RA treatment (the beads were presoaked in 1 mg/ml RA). Arrow shows
the proximal boundary of Hox-A 13 expression domain, which now extends to the bead compared with (A). Asterisks indicate the position
of the beads. (C±H) Expression pattern of Hox-A transcripts 24 hr after grafting fragments as diagrammed in Fig. 1A. (C, D) Control. (C)
A223 monoclonal antibody staining to show the region of graft origin in horizontal section. (D) The expression domain of Hox-A 13 in a
neighbor section of (C). Arrows indicate the region of graft estimated from chimera (C). In the graft, the Hox-A 13 expression domain is
localized in the region where it is expressed originally before implantation. (E±H) RA treated. (E) Horizontal section of chimera stained
with A223 antibody. (F) The expression domain of Hox-A 10 in the same specimen as (E). Arrows show the boundary of graft tissue as
estimated from chimera (E). The Hox-A 10 domain is found in the proximal region of the graft, and the PD level of this domain is similar
to that of the host. (G) Expression domain of Hox-A 11 gene in the central region. (H) Expression domain of Hox-A 13 gene in the distal
region. The expression domain of each Hox-A gene is parallel to that of the host. a, anterior; d, distal; p, posterior.
limb development (Summerbell, 1974). The ®ndings on ho- cells at different PD level have different positional identities
associated with differences in cell af®nity.meobox gene expression along the PD axis in the chick limb
bud support this idea (Yokouchi et al., 1991c). In the regener- In the present study, when a small stage 24 graft which is
destined to form distal structures was implanted to the apexating limb of the salamander, Crawford and Stocum (1988)
showed the in vivo displacement of blastema cells from dif- of a stage 19 limb bud, the graft tissue was pushed out or
migrated distally, and then, its cells were distributed only inferent PD levels. When blastema tissue at wrist level was
grafted onto the blastema±stump junction at midthigh level, the autopod region (Fig. 6A). This result agrees with the
above study on the urodele limb blastema, suggesting thatthe graft tissue migrated distally to its corresponding level of
the host limb and then formed a new hand, whereas blastema the cells at different stages have position-dependent af®nities
and that only cells which have the same af®nity can con-tissue from the mid-upper arm immediately regenerated a
distal half upper arm, lower arm, and hand from the midthigh struct one corresponding structure along the PD axis. The
cells of RA-treated small grafts were distributed from thelevel of the host. Their study suggests that the blastema
Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.
AID DB 8627 / 6x28$$$363 07-23-97 22:23:55 dbal
232 Tamura et al.
FIG. 6. Distribution of cells of DMSO-treated chick fragments in quail host wing bud, 4 days after the operation summarized in Fig. 1B.
White squares, circles, and triangles indicate the positions of shoulder, elbow, and wrist, respectively. White arrows show the proximal
level of grafted tissue distribution. (A) Control graft. (B) RA-treated graft.
elbow to the apex in host limbs and could af®liate with the A similar result has been obtained in regenerating urodele
limbs. Cocultured blastemas derived from different levelssurrounding host cells not only at the digit level but also at
the radius/ulna and distal half of humerus level (Fig. 6B). RA along the PD axis showed engulfment of the distal blastema
by spreading of the proximal blastema (Nardi and Stocum,appears to convert the af®nity of distal cells to match that
of cells which form more proximal structures. This effect of 1983). In our culture system, RA-treated PZ cells from later
stage limb buds mixed homogeneously, not with the sameRA might be related to the change of cell surface character.
Ide et al. (1994) suggested that the surface properties of PZ stage PZ cells, but with earlier stage PZ cells, suggesting that
RA might change the surface identity of later stage distalcells change during limb bud development and showed that
cells from different axial levels and stages sort out in vitro. cells to behave like earlier stage distal cells. Although little
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TABLE 2 process between limb development and regeneration. Scad-
Distribution of Small Fragments Implanted in the Apex of Stage ding and Maden (1986) showed that retinoid produces a PD
18 Host Limb Buds duplication in a regenerating limb bud but never induces it
in a developing limb bud in a single axolotl. However, Bry-
PD level RA treated DMSO control ZPA
ant and Gardiner (1992) examined data from both amphibi-
ans and chicks and concluded that RA must convert cells(H) / R/U / D 7 0 1
to a both posterior and proximal identity. They discussed(R/U) / D 1 1 1
D 1 8 4 the issue of proximalization in chicks, and their interpreta-
Total 9 9 6 tion is consonant with our results. Indeed, Helms et al.
(1996) showed that RA (applied stage 20)-treated limb mes-
Note. (H), distal half of humerus; R/U, radius and/or ulna; (R/U),
enchyme and ectoderm were functionally interchangeabledistal half of radius and/or ulna; D, digits.
with the early presumptive limb mesenchyme and ecto-
derm (stage 14) in the polarizing activity assay. In the pres-
ent study, the structures formed by RA-treated fragments
are dependent upon their position on the host PD axis. RA-is known at present about the molecular nature of those
treated cells appear to be made labile and thus susceptiblesurface characters which give rise to sorting out, we believe
to being respeci®ed by host tissue signals. In this sense, wethat cadherins are involved (Tamura et al., submitted).
can say that RA must induce properties in distal cells which
render them receptive to signals involved in speci®cation
Comparison with RA-Induced Pattern Changes in of more proximal structures. Though we have no knowledge
Regenerating Urodele Limbs of the molecular mechanisms involved, it is possible that
these signals regulate the synthesis of molecules that deter-The effects of RA on regenerating urodele limbs and de-
mine cell surface properties.veloping chick limb buds appears to be somewhat different.
Further studies about the RA effects on PD axis will helpIn RA-treated regenerating limbs, proximalization occurs in
to reveal the signi®cance of this difference between amphib-situ, so that the blastema forms the most proximal struc-
ians and birds as we seek to understand the relationshipstures regardless of its position (level of origin) on the PD
between the mechanisms of limb development and regener-axis. In the developing chick limb buds, we never see PD
ation. Ultimately, we hope that investigation into the ef-duplication in situ after RA treatment (Tickle and Crawley,
fects of RA on limb development will lead to successful1984). This difference might depend on whether the animals
can regenerate their limbs, or it may depend on the different limb regeneration in birds and mammals.
FIG. 7. Sorting out between RA-treated and control PZ cells of limb buds (see Fig. 1C). Stage 24 chick PZ cells were not segregated from
stage 24 quail PZ cells (A) and sorted out from stage 20 quail PZ cells (Fig. 7B). RA-treated stage 24 chick PZ cells were segregated from
nontreated stage 24 quail PZ cells (Fig. 7C) but not sorted out from stage 20 quail PZ cells (Fig. 7D).
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